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Renal tubular injury is considered as the main pathological feature of acute kidney injury
(AKI), and mitochondrial dysfunction in renal tubular cells is implicated in the pathogene-
sis of AKI. The estrogen-related receptor y (ERRy) is a member of orphan nuclear recep-
tors which plays a regulatory role in mitochondrial biosynthesis, energy metabolism and
many metabolic pathways. Online datasets showed a dominant expression of ERRy in re-
nal tubules, but the role of ERRy in AKl is still unknown. In the present study, we investigated
the role of ERRYy in the pathogenesis of AKI and the therapeutic efficacy of ERRy agonist
DY131 in several murine models of AKI. ERRy expression was reduced in kidneys of AKI
patients and AKI murine models along with a negative correlation to the severity of AKI.
Consistently, silencing ERRYy in vitro enhanced cisplatin-induced tubular cells apoptosis,
while ERRy overexpression in vivo utilizing hydrodynamic-based tail vein plasmid delivery
approach alleviated cisplatin-induced AKI. ERRy agonist DY131 could enhance the tran-
scriptional activity of ERRy and ameliorate AKI in various murine models. Moreover, DY 131
attenuated the mitochondrial dysfunction of renal tubular cells and metabolic disorders of
kidneys in AKI, and promoted the expression of the mitochondrial transcriptional factor A
(TFAM). Further investigation showed that TFAM could be a target gene of ERRy and DY 131
might ameliorate AKI by enhancing ERRy-mediated TFAM expression protecting mitochon-
dria. These findings highlighted the protective effect of DY131 on AKI, thus providing a
promising therapeutic strategy for AKI.

Introduction

Acute kidney injury (AKI) is a complex clinical syndrome manifesting in response to diverse causative fac-
tors and emerging as a pressing global public health concern due to its escalating morbidity and mortality
rates [1,2]. Annually, more than 13 million individuals succumb to AKI, resulting in 1.7 million deaths
worldwide, with an alarming 24% mortality rate observed in hospital settings [2,3]. Moreover, survivors
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*“These authors contributed face an elevated risk of progressing to chronic kidney disease (CKD), imposing a substantial societal bur-
equally to this work. den due to the enduring repercussions of the disease [3]. Despite the profound impact of AKI on public
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Figure 1. ERRy expression in AKI patients and murine models

(A) Representative micrographs of immunohistochemical staining of ERRy in human normal kidney tissues from HPA datasets
(https://www.proteinatlas.org, HPA044678, [35]). (B) Expression microarray analysis of kidney biopsies identified a decreased ex-
pression of Esrrg in patients with renal dysfunction (n=11) compared with well-functional group (n=10). (C). Pearson correlation
analysis of Esrrg level and glomerularfiltration rates (GFR, n=21), serum creatinine (Scr, n=21) levels and Lcn2 levels (n=21), re-
spectively. Data were extracted and analyzed from GSE1563 in GEO datasets and Nephroseq. (D) Immunoblot of ERRy in kidneys
after cisplatin injection, unilateral I/RI operation and LPS challenge. (E) Semiquantification of ERRy (n = 5 per group). Data are
presented as mean + SEM. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.

whereby damaged mitochondria not only compromise ATP supply but also contribute to the amplification of injury,
cell death, and inflammation [6-8]. Strategies aimed at preserving normal mitochondrial function and metabolism
emerge as promising avenues for mitigating AKI [9,10].
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Figure 2. ERRy protected against tubular cells injury during AKI

(A) siRNAs for ERRy were transfected to RTECs to silence ERRy expression and the efficiency was detected using Western blotting.
Immunoblot and semiquantification of ERRy were displayed (n = 3 per group). (B) Apoptotic cells were detected using double
staining with FITC-annexin V and Pl and the quantitative analysis of apoptotic cells (Annexin V-positive, n = 3 per group) was
performed. (C) Mice were injected with ERRy plasmid or control vector through hydrodynamic-based tail vein delivery and the
expression of ERRy was detected using Western blotting. Immunoblot and semiquantification of ERRy were displayed (n = 5 per
group). (D) Mice were injected with ERRy plasmid or control vector 36 h before cisplatin administration and were killed 72 h after
cisplatin injection. Serum urea nitrogen (BUN) and Scr were assessed (n = 10 per group). (E) Immunoblot and semiquantification
of NGAL in kidneys (n = 4-5 per group). (F) Representative images of HE staining of kidney tissues (Upper panel: 100x; Lower
panel: 400x) and analysis of tubular injury score (n = 4-5 per group). Data are presented as mean + SEM. *P<0.05, **P<0.01,
**P<0.001, ***P <0.0001.
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The estrogen-related receptor v (ERRYy), an orphan nuclear hormone receptor belonging to the ERR subfamily,
emerges as a pivotal player in diverse cellular processes with a tissue-specific expression pattern, notably in metabol-
ically active organs [11,12]. Operating through ligand-independent transcriptional activity by binding to the ERR
response element (ERRE), ERRY regulates critical cellular functions such as proliferation, differentiation, and inva-
sion [13-16].

Extensive studies reveal the involvement of ERRY in mitochondrial function, energy utilization, oxidative stress,
and metabolism, including the restoration of oxidative metabolic capacity and increased expression of mitochondrial
respiratory complex proteins upon ERRy overexpression [17,18]. Besides, many kinds of metabolic pathways can
be regulated by ERRYy through its different target genes [19]. The Human Protein Atlas database analysis displayed
a predominant ERRy expression in renal tubules in the kidney. However, the role of ERRYy as well as the potential
impact of ERRy agonist DY131 in AKI remains unknown. In the present study, using several AKI mice models,
we report that activation for ERRy by its agonist DY131 could ameliorate AKI, providing a proof for DY131 as a
promising candidate for future clinical applications.

Materials and methods

Human kidney dataset

The dataset comprising human kidney biopsy samples from kidney transplant patients was obtained from the
Gene Expression Omnibus (GEO, GSE1563, [20]). This dataset included samples from transplant patients with
well-functioning transplants without rejection and kidneys undergoing acute renal dysfunction with or without re-
jection [21]. Gene expression profiles for these kidney biopsies were determined through microarray analysis. We
analyzed the expression data of ERRYy as well as the renal function data corresponding to patients, including GFR,
Scr level and Len2 expression using the Nephroseq database (https://www.nephroseq.org/).

Animals

Male C57BL/6] mice aged 6-8 weeks were provided by Gempharmatech (Nanjing, China). Mice were bred and main-
tained in the animal care facility of Nanjing Medical University under specific pathogen-free conditions with standard
food and water, following a 12-h light/dark cycle. Surgical procedures and experiments of mice were performed in the
animal care facility of Nanjing Medical University in accordance with the ethical guidelines and animal procedures
approved by the Nanjing Medical University Institutional Animal Care and Use Committee (IACUC-1809017). At the
end of the experiment, mice were euthanized by halothane inhalation, and their serum and kidneys were harvested
for further analysis.

AKI mice models

Three distinct AKI models were employed in this study: bilateral renal ischemia/reperfusion, nephrotoxic drug and
sepsis-induced AKI. For bilateral renal ischemia/reperfusion injury (I/RI)-induced AKI, mice were generally anes-
thetized with 2% isoflurane and kept at 37°C using thermostatic blanket. Bilateral renal IR injury was caused by renal
pedicle clamping for 28 min, as described before [22]. At 36 h after reperfusion, mice were euthanized and serum
and renal tissues were collected. Cisplatin was used as nephrotoxic drug to induce AKI. A single dose of cisplatin at
25 mg/kg by intraperitoneal (i.p.) injection was performed and mice were euthanized 72 h later. Sepsis-induced AKI
was established by i.p. injection of a single dose of lipopolysaccharide (LPS) at 10 mg/kg, and mice were killed 24 h
later.

High-throughput tail vein plasmid delivery

Global ERRYy overexpression in vivo was achieved through a hydrodynamic-based tail vein plasmid delivery ap-
proach, as previously described [23-25]. ERRy overexpressing plasmid (obtained from Nanjing Genebay Biotech,
China) and a negative control vector were dissolved in saline before injection. Plasmids (2 ml for each mice) were
delivered to the tail vein of mice within 10 s. Subsequently, cisplatin was administered 36 h later to induce AKIL

Pharmaceutical treatment

DY131 (Cat. No. HY-15483, MedChemExpress, Princeton, NJ, U.S.A.) was dissolved in dimethyl sulfoxide (DMSO,
Cat. No. D2650, Sigma-Aldrich, U.S.A.) and further diluted with 5% Tween-80. Mice were treated with DY131 at 5
mg/kg via i.p. injection. In different AKI models, DY131 was administered according to the previous studies [26-30].
Mice were killed at the indicated time. For investigating the potential toxic effect of DY131 on organs, another separate
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Figure 3. ERRYy agonist DY131 mitigated renal tubular injury in cisplatin-induced AKI

(A) Luciferase reporter assay of 3xERRE-Luc in RTECs with ERRy overexpression accompanied by DY131 treatment or not (n =
4 per group). (B) Experimental design scheme for administration of DY131 in cisplatin-induced AKI. (C) Serum BUN and Scr were
assessed (n = 8 per group). (D) Immunoblot and semiquantification of NGAL in kidneys (n = 4 per group). (E) Representative images
of HE staining of kidney tissues (Upper panel: 100x; Lower panel: 400x) and analysis of tubular injury score (n = 5 per group). (F)
Representative images of TUENL staining of kidney sections and analysis of TUNEL-positive cell counts (n = 4-5 per group). Data
are presented as mean + SEM. **P<0.01, ***P<0.0001.
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Figure 4. DY131 ameliorated I/IR- and LPS-induced AKI

(A) Experimental design scheme for administration of DY131 in I/Rl-induced AKI and serum BUN and Scr were assessed (n =
10 per group). (B) Immunoblot and semiquantification of NGAL in kidneys (n = 4-5 per group). (C) Representative images of HE
staining of kidney sections (Upper panel: 100x; Lower panel: 400x) and analysis of tubular injury score (n = 5 per group). (D)
Experimental design scheme for administration of DY131 in LPS-induced AKI and serum BUN and Scr were assessed (n = 10 per
group). (E) Immunoblot and semiquantification of NGAL in kidneys (n = 4 per group). Data are presented as mean + SEM. *P<0.05,
**P<0.001, ***P<0.0001.
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experiment was performed by treating mice with DY131 (5 mg/kg, intraperitoneal injection) or vehicle for three
consecutive days and serum samples were collected for assessment of kidney, heart, and liver functions.

Renal, cardiac, and hepatic functions analysis

Blood samples were obtained from the inferior vena cava after mice were euthanized. Serum levels of creatinine (Scr),
urea nitrogen (BUN), lactate dehydrogenase (LDH), creatine kinase-MB (CK-MB), aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) were detected using a serum biochemical autoanalyzer (Hitachi7600 modular
chemistry analyzer, Hitachi Ltd., USA) at Nanjing Children’s Hospital.

Histological analysis

Kidney tissues were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin. Hematoxylin-eosin (HE)
staining was conducted for histomorphometric analysis of mouse renal tubules as described before [26]. Sections were
visualized with microscope and evaluated for tubular injury scores in a blinded fashion on a semiquantitative scale of
0-4. In brief, a pathologist analyzed these sections in a blind manner evaluating renal histopathological changes and
scoring by the percentage of renal tubules displaying cell lysis, loss of brush border and cast formation (0, no damage;
1, <25%; 2, 26-50%; 3, 51-75%; 4, >75%).

TUNEL assay

In situ cell death was determined by TUNEL staining (Cat. No. A112-01/02/03, Vazyme, Nanjing, China) follow-
ing the manufacturer’s instrument. TUNEL-positive signals were imaged using laser scanning confocal microscopy
(LSM710, Carl Zeiss, Oberkochen, Germany). The apoptotic cell number in each section was calculated by counting
TUNEL-positive apoptotic cells in four-to-five random fields.

Transmission electron microscopy

Renal tissues from mice were quickly dissected and placed in the fixative used in electron microscopy. Tissues un-
derwent standard procedures involving dehydration, osmosis, embedding, sectioning and staining. Mitochondrial
structures of renal tubular cells were observed under a transmission electron microscope (JEOL JEM-1010, Tokyo,
Japan).

Cell culture and knockdown of ERRYy expression in vitro

Renal proximal tubular cells of mice (RTECs) were obtained from ATCC (Cat. No. CRL-3361) and cultured
following the instructions. ERRy expression was knocked down using small interfering RNA (siRNA) fol-
lowing the manufacturer’s instructions. The oligonucleotides designed for ERRy was as follows: siERRy-01,
5-GGAGTTACAGTTCAACCAT-3'; siERRy-02, 5-GGACGATTCAAGGTAACAT-3'. RTECs were transfected
with siRNA for ERRy (siERRy) and the negative control (siNC) respectively using lipofectamine 2000 (Cat. No.
11668019, Invitrogen, Carlsbad, USA) following the manufacturer’s instructions.

Flow cytometric cell apoptosis analysis

RTECs were seeded in 12-well plates, incubated 24 h after transfected with siERRYy or siNC, and then treated with
cisplatin (5 ug/ml) for additional 12 h. Cells were collected, washed, and resuspended with 100 pl binding buffer.
Annexin V-FITC and PI (Annexin V-FITC Apoptosis Detection Kit, Cat. No. 556547, BD Biosciences, San Diego,
CA) were added and mixed, followed by incubation in dark at room temperature for 15 min. The rate of Annexin
V-positive cells was then detected by flow cytometry (BD Biosciences, San Diego, CA).

Oxygen consumption rate (OCR) measurement

To evaluate the mitochondrial function in RTECs after DY131 treatment, OCR and ATP level were detected, respec-
tively. For details, OCR was measured by XF96 Seahorse analyzer (Seahorse Bioscience, Copenhagen, Denmark) and
analyzed as described before [31]. First, RTECs were seeded in a specialized 96-well plate at a density of 3000 cells per
well and treated with or without DY131 (0.1 uM). OCR assays were performed followed by the sequential addition of
mitochondrial inhibitors including oligomycin, FCCP, rotenone and antimycin A. After assay performance, cells were
lysed and the total cellular proteins were quantified by BCA Protein Assay Kit (P0012, Beyotime, Shanghai, China)
to correct the final data.
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Figure 5. DY131 restored metabolic disorder in cisplatin-induced AKI mice

(A) The scatter plots of PCA model; QC, quality control. (B) Volcano plots showing differentially expressed metabolites (DEMs) in
cisplatin vs vehicle group and DY131+cisplatin vs. cisplatin group, respectively. (C) Venn diagram depicting common DEMs in the
two comparisons shown in (B). (D) Cluster analysis of change trend for the overlapped DEMs. (E) Metabolic pathways analysis for
the overlapped DEMs. (F) Statistical analysis of representative metabolites in the glycine, serine, and threonine metabolic pathways
(n =7 per group). Data are presented as mean + SEM. *P<0.05, **P<0.01, **P<0.001, ****P<0.0001.
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Figure 6. DY131 repaired mitochondrial damage and regulated TFAM expression in vivo and in vitro

(A) Representative TEM images of proximal renal tubular cells from cisplatin-induced models (Upper panel, scale bar: 2 um; Lower
panel, scale bar: 2 um). (B) The mRNA levels of 13 mitochondria-encoded genes in kidney tissues measured by Q-PCR (n = 8 per
group). (C) mtDNA content of kidney tissues as assessed by Q-PCR (n = 7-8 per group). (D) Immunoblot and semiquantification
of TFAM in kidneys (n = 4 per group). Data are presented as mean + SEM. *P<0.05, **P<0.01, **P<0.001.
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Table 1 Primer sequences for Q-PCR

Gene symbol Primer sequences (5'-3') Length Official full name
mt-Nd1 F: ACACTTATTACAACCCAAGAACACAT 66 bp NADH dehydrogenase 1, mitochondrial
R: TCATATTATGGCTATGGGTCAGG
mt-Nd2 F: CCATCAACTCAATCTCACTTCTATG 104 bp NADH dehydrogenase 2, mitochondrial
R: GAATCCTGTTAGTGGTGGAAGG
mt-Nd3 F: CCCCAAATAAATCTGTA 160 bp NADH dehydrogenase 3, mitochondrial
R: CTCATGGTAGTGGAAGT
mt-Nd4 F: GCTTACGCCAAACAGAT 161 bp NADH dehydrogenase 4, mitochondrial
R: TAGGCAGAATAGGAGTGAT
mt-Nd4L F: GCCATCTACCTTCTTCA 229 bp NADH dehydrogenase 4L, mitochondrial
R: TAGGGCTAGTCCTACAGC
mt-Nd5 F: GCCAACAACATATTTCAACTTTTC 76 bp NADH dehydrogenase 5, mitochondrial
R: ACCATCATCCAATTAGTAGAAAGGA
mt-Nd6 F: GGGAGATTGGTTGATGTA 129 bp NADH dehydrogenase 6, mitochondrial
R: ATACCCGCAAACAAAGAT
mt-Cox1 F: CAGACCGCAACCTAAACACA 95 bp Cytochrome ¢ oxidase |, mitochondrial
R: TTCTGGGTGCCCAAAGAAT
mt-Cox2 F: GCCGACTAAATCAAGCAACA 99 bp Cytochrome ¢ oxidase II, mitochondrial
R: CAATGGGCATAAAGCTATGG
mt-Cox3 F: CGTGAAGGAACCTACCAAGG 176 bp Cytochrome ¢ oxidase lll, mitochondrial
R: ATTCCTGTTGGAGGTCAGCA
mt-Atp6 F: CCATAAATCTAAGTATAGCCATTCCAC 75 bp ATP synthase 6, mitochondrial
R: AGCTTTTTAGTTTGTGTCGGAAG
mt-Atp8 F: ACATTCCCACTGGCACC 108 bp ATP synthase 8, mitochondrial
R: GGGGTAATGAATGAGGC
mt-Cytb F: GAGGTTGGTTCGGTTTTGG 72 bp Cytochrome b, mitochondrial
R: GTTTTGAAAGGGTGGGTGAC
MDNA (ND1) F: ATCCTCCCAGGATTTGGAAT 213 bp Mitochondrial DNA
R: ACCGGTAGGAATTGCGATAA
185 rRNA F: TTCGGAACTGAGGCCATGATT 101 bp 185 ribosomal RNA
R: TTTCGCTCTGGTCCGTCTTG
ATP level detection
The level of ATP in RTECs was measured by an Enhanced ATP Assay Kit (S0027, Beyotime, Shanghai, China) ac-
cording to the manufacturer’s instructions. RTECs were plated in 96-well plate and treated with or without DY131
(0.1 uM). After treatment, cells were lysed and the supernatant were obtained for measurement by chemilumines-
cence with a luminometer plate reader (Promega, Beijing, China). The ATP level was adjusted by the cellular protein
concentration quantified by BCA Protein Assay Kit.
Reverse transcription and quantitative real-time PCR (Q-PCR)
Total RNA was extracted from kidneys using Trizol reagent (Cat. No. 9108, Takara Bio, Dalian, China) following
the manufacturer’s instructions. cDNA was synthesized from 1 g RNA using the PrimeScript RT Reagent Kit (Cat.
No. RR037A, TaKaRa, Tokyo, Japan). Quantitative real-time PCR (Q-PCR) was performed using the SYBR Green
Premix Kit (Cat. No. q111-02/03, Vazyme, Nanjing, China) on the QuantStudio 3 Real-time PCR System (Applied
Biosystems, Foster City, CA, U.S.A.). The relative mRNA amount was assessed using the 2- A ACt method, normalized
to the level of 18S ribosomal RNA (rRNA). Primer sequences are provided in Table 1.
Mitochondrial genome quantification
Kidney tissues were homogenized into cell suspension and the total DNA was extracted using a DNeasy Tissue Kit
(Cat. No. DP304, TIANGEN, Beijing, China). Mitochondrial genome (mtDNA copy number) was determined by
Q-PCR. The ratio of mt-DN1 to 18s rRNA represents the relative content of mtDNA.
786 © 2024 The Author(s). Published by Portiand Press Limited on behalf of the Biochemical Society
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Western blotting

Kidneys sections or cells were lysed in RIPA buffer (Cat. No. P0013C, Beyotime, Shanghai, China) with 1x pro-
tease inhibitor cocktail (Cat. No. 04693132001, Roche, Switzerland) for 30 min on ice. Protein concentration was
determined by BCA Protein Assay Kit (Cat. No. P0012, Beyotime, Shanghai, China). Blotting was performed using
primary antibodies against ERRy (Cat. No. sc-393969, SANTA CRUZ, Texas, U.S.A.), $-actin (Cat. No. 66009-1-1g,
Proteintech, Wuhan, China), GAPDH (Cat. No. 60004-1-1g, Proteintech, Wuhan, China), NGAL (Cat. No. ab63929,
Abcam, Cambridge, U.K.) and TFAM (Cat. No. 22586-1-AP, Proteintech, Wuhan, China).

Luciferase reporter assay

The 3xERRE-luciferase (ERRE-Luc), mice Tfam-promoter-PGL3-Basic (Tfam-Luc) plasmid and pRL-CMV plasmid
were ordered from Nanjing Genebay Biotech (Nanjing, China). Mice RTECs were transfected with the Tfam-Luc or
ERRE-Luc and co-transfected with ERRy-expressing plasmid (Genebay Biotech, Nanjing, China) underwent dif-
ferent treatments. Transcriptional activity was determined by the ratio of the reporter plasmid to pRL-TK using
Dual-Luciferase Reporter Assay System (Cat. No. E1910, Promega, Beijing, China) according to the manufacture’s
instruction.

Metabolomics assay
A total of 25 mg of each kidney sample was used for metabolites extraction. Extracts were prepared and analyzed
using an LC-MS/MS system (Vanquish, Thermo Fisher Scientific) with a UPLC BEH Amide column (2.1 mm x 100
mm, 1.7 pum) coupled to a Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo) as described before [32]. The
quality control (QC) sample was prepared by mixing an equal aliquot of the supernatants from all of the samples.
Raw data were processed with an in-house program based on XCMS, and metabolite annotation was performed
using the BiotreeDB MS2 database. The principal component analysis (PCA) was conducted with SIMCA software
(V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden). Differentially expressed metabolites (DEMs) were
identified based on a Student’s t-test with a P-value<0.05 and variable importance in the projection (VIP) >1. Further
analysis was performed using the Laboratory Information Management System (LIMS, Biotree, Shanghai, China).
The related raw data have been deposited to the metabolomics database Metabolomics Workbench [33].

Statistical analysis
Data were expressed as the mean + SEM. Student’s ¢-test or one-way ANOVA followed by Bonferroni’s comparison
test was performed to analyze the difference with GraphPad Prism 9. P-values of <0.05 were considered significant.

Results

ERRY expression in AKI patients and murine models

To delineate the role of ERRY in acute kidney injury (AKI), we initiated our investigation by scrutinizing the gene ex-
pression patterns of Esrrg in human renal tissue. Immunohistochemical staining from Human Protein Atlas (HPA)
database indicated a dominant protein expression in renal tubules of normal kidneys (Figure 1A). Analyzing data
from transplant patients with renal dysfunction (GSE1563 [21],) revealed a significant reduction in Esrrg (encod-
ing ERRYy) expression in comparison to well-functional kidneys, concurrently with an elevation in Len2 (encoding
NGAL, a molecular marker indicative of tubular cell injury [34]) expression (Figure 1B). More importantly, Esrrg ex-
pression displayed a positive correlation with glomerular filtration rate (GFR) and negative correlations with serum
creatinine (Scr) levels and Len2 expression (Figure 1C). Besides, ERRy expression was detected in several AKI murine
models, including bilateral renal I/RI, cisplatin and LPS-induced AKI. As shown in Figure 1D,E, ERRy expression
was markedly diminished in kidneys of these experimental AKI models.

ERRy protected against tubular cell injury during AKI

To elucidate the functional implications of ERRY in renal tubular cell, we knocked down ERRY in cisplatin-induced
renal tubular cells. Figure 2A showed the knockdown efficiency of siERRy and siERRy-02 was chosen for further ex-
periments. Attenuated ERRY expression in renal tubular cells accentuated cisplatin-induced cell apoptosis (Figure
2B). Furthermore, we performed a hydrodynamic gene delivery approach to overexpress ERRy in vivo through
hydrodynamic-tail vein-injection of ERRYy plasmid, which has been proved to regulate target gene expression globally,
including kidney tissues [24,36,37]. ERRY expression in kidneys was significantly increased in mice receiving tail vein
delivery of ERRy plasmid (Figure 2C). In mice subjected to cisplatin, ERRy overexpression was demonstrated to be a
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Name Score Relative Start End Strand Predicted
score sequence
MA0643.1.Esrrg 10.6416 0.912721963 172 181 + CCAAGGGCAA
MAO0643.1.Esrrg 6.984178 0.858918359 932 941 - TCAATGGCAT
MAO0643.1.Esrrg 5.816687 0.84174362 1418 1427 + TCAAAGTCAG
MAO0643.1.Esrrg 5.362532 0.835062634 671 680 - TCCAGGTCAG = =
MAO0643.1.Esrrg 5.318746 0.834418506 1262 1271 GCAAGTTCAA Transc" ptlon
MAO0643.1.Esrrg 5.251152 0.833424143 694 703 GCAAGGATAA Tfam promoter
MAO0643.1.Esrrg 5.146313 0.831881886 894 903 - TCAAGGGCTT
MAO0643.1.Esrrg  4.091165 0.816359808 343 352 + TGAAGGAGAC
MAO0643.1.Esrrg 4.089893 0.816341092 1172 1181 + AGAAGATCAA TFAM
MAO0643.1.Esrrg 3.799398 0.812067682 623 632 + TAAATGTTAT
MAO0643.1.Esrrg 3.67523 0.810241072 990 999 + TGTAGGACAC
MAO0643.1.Esrrg 3.630487 0.809582855 1729 1738 + CGAAGCTCAG
MA0643.1.Esrrg 3.486027 0.807457743 1412 1421 + TGTATGTCAA
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Figure 7. ERRY regulated the expression of TFAM
(A) Putative ERRy binding sites predicted by JASPAR within the promoter region of Tfam and the schematic diagram. (B) RTECs
were transfected with ERRy plasmid and the immunoblot and semiquantification of TFAM and ERRy were shown (n = 3 per group).

(C) Dual-Luciferase Reporter Assay (n = 3 per group). (D) Decreased expression of Tfam in patients with renal dysfunction (n = 11)
compared with well-functional group (n=10), and correlation analysis of Esrrg and Tfam expression was performed (n=21). Data
were extracted from GSE1563. Data are presented as mean + SEM. *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001.
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Figure 8. Schematic diagram illustrating the renoprotective role of ERRy and DY131 in AKI
DY131, which led to the transcriptional activity of ERRy, could increase the expression of TFAM, accordingly promoting the mito-
chondrial function maintenance and metabolic homeostasis, and thus inhibiting renal tubular injury in AKI.

renoprotective role in kidneys, as evidenced by reduced BUN, Scr levels, and NGAL expression (Figure 2D,E). Patho-
logical staining and image analysis displayed ameliorated pathological injury by ERRYy overexpression, including the
tubular brush border loss, tubular dilatation and cast formation in kidneys (Figure 2F).

ERRy agonist DY131 mitigated renal tubular injury in various mice

models of AKI

Building upon the protective role of ERRy in AKI, we investigated the therapeutic potential of DY131, an ERRy
agonist with preferential selectivity for ERRy [38]. ERRY transcriptional activity in renal tubular cells was assessed
by a cell-based reporter assay using co-transfecting with ERRy-expressing plasmid and a luciferase reporter construct
driven by three ERR response elements (3 x ERRE-Luc [38-40],). Increased luciferase activity of the reporter genes
was observed in renal tubular cells with DY131 treatment (Figure 3A), suggesting that DY131 could modulate the
transcriptional activity of ERRy in renal tubular cells. Next, we detect the effect of DY131 in AKI mice. Pretreatment
of DY131 before cisplatin challenge followed by treating daily in cisplatin-induced AKI mice (Figure 3B) yielded
significant reductions in BUN and Scr levels, accompanied by decreased NGAL expression, diminished tubular injury,
and a decrease in apoptotic cell numbers (Figure 3C-F). Besides, the therapeutic effect of DY131 in cisplatin-induced
AKI was investigated. Therapeutic administration of DY131 after cisplatin treatment also significantly attenuated
kidney injury as well as improving heart function (Supplementary Figure S1).

To confirm these findings in separate models of AKI, two additional mice models were employed, I/RI and
LPS-induced AKI. Kidneys from mice subjected to I/RI exhibited elevated levels of BUN, Scr, tubular injury markers
and conspicuous pathological damage to renal tubules, while administration of DY131 demonstrated a significant
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amelioration of these pathological indicators (Figure 4A-C). A comparable trend was observed in the LPS-induced
AKImodel (Figure 4D,E). These data further substantiated DY131’s therapeutic efficacy in different pathophysiology
of AKI.

Of notes, the current dose of DY131 used in mice experiments had no significant toxic effect on the functions of
kidney, heart, and liver (Supplementary Figure S2), suggesting an effective and safe dosage used in the mice models.

DY131 restored metabolic disorder in cisplatin-induced AKI mice

Given the integral role of metabolic dysfunction in AKI pathogenesis [41], we conducted non-targeted metabolomics
to assess DY131’s impact on renal metabolism during AKI. The principal component analysis (PCA) score plots
showed that the three groups had good reproducibility and separation (Figure 5A). Significantly altered metabolites
between cisplatin versus vehicle groups and DY131+cisplatin versus cisplatin groups were identified (P-value<0.05
and VIP>1, Figure 5B). Overall, we identified 270 and 233 differentially expressed metabolites (DEMs) in these two
comparisons respectively and a total of 166 DEMs were overlapped (Figure 5C). Subsequent analysis revealed that a
total of 166 DEMs were overlapped and could be categorized into six distinct clusters. Notably, clusters 1 and 3 encom-
passed DEMs that displayed a substantial increase in the cisplatin-treated group, while to be restored to near-normal
levels following DY131 intervention. Conversely, DEMs in clusters 2, 4, 5, and 6 exhibited marked decreases in the
cisplatin-exposed group but demonstrated a significant recovery upon DY131 treatment (Figure 5D). These analy-
ses revealed significant alterations in metabolites during AKI, with DY131 treatment partially reversing the disturbed
metabolism in AKI. Meanwhile, pathway analysis indicated an enrichment in amino acid metabolic pathways, partic-
ularly in the glycine, serine, and threonine metabolism (Figure 5E), and the levels of representative metabolites, such
as L-serine, choline, guanidoacetic acid, glycine and L-threonine were up-regulated in DY131-treated group (Figure
5F).

DY131 repaired mitochondrial damage through promoting TFAM

expression

Mitochondrial damage and dysfunction play an important role in the pathogenesis of AKI and closely associated with
metabolic disorders [42]. We assessed whether DY 131 treatment reduced the mitochondrial damage induced by cis-
platin. Renal ultrastructure by electron microscopy in cisplatin group showed abnormal mitochondria with evident
mitochondrial swelling and vacuolation and cristae destruction in renal tubular cells. However, administration with
DY 131 mitigated these abnormalities (Figure 6A). Furthermore, in vitro experiments were performed to illustrate the
impact of DY131 on mitochondrial function. Consistently, DY131 significantly up-regulated the oxygen consump-
tion rate (OCR) of RTECs, especially in the ATP-linked respiration, and enhanced the ATP production in RTECs
(Supplementary Figure S3). Concurrently, DY131 treatment improved the transcriptional activity of mitochondrial
genes and increased mitochondrial gene copy numbers, indicating an enhanced mitochondrial biogenesis in vivo
(Figure 6B,C). Since mitochondrial transcriptional factor A (TFAM) plays a key role in the biosynthesis of mtDNA
and mitochondrial function maintenance, and genetic restoration of TFAM attenuated mitochondrial dysfunction
and cell injury induced by cisplatin [43], we further examined the expression of TFAM in DY131-treated mice and
found a trend of increased expression (Figure 6D), suggesting its potential role in DY131-mediated mitochondrial
repair.

As ERRYy is a key transcriptional factor, we next investigated whether ERRy could induce TFAM expression. Online
JASPAR prediction tool [44] showed that ERRy could bind to the promoter region of TEAM with 13 possible binding
sites, indicating that ERRy might promote the transcription of TFAM (Figure 7A). To confirm this prediction, over-
expression of ERRY was achieved in renal tubular cells which displayed an up-regulated expression of TFAM (Figure
7B). The data of dual-luciferase reporter assay gave a direct evidence that ERRy overexpression promoted the tran-
scriptional activity of TFAM promoter (Figure 7C). Besides, we detected the Tfam expression in the public datasets
of patients with dysfunctional kidneys (GSE1563) and found that Tfam expression was significant decreased in renal
dysfunction group compared with the well-functional kidneys, and was positively correlated with Esrrg expression
(Figure 7D). These results collectively indicated that DY131 was effective in treating AKI through the ERRy-TFAM
axis to mitigate mitochondrial damage and metabolic disorders.

Discussion

AKI manifests as a severe injury to kidney tubules, often arising from IR, sepsis, or nephrotoxins. Emerging evi-
dence indicated the pivotal role of mitochondrial dysfunction in AKI pathogenesis. Notably, mitochondrial patho-
logic changes precede detectable kidney dysfunction and persist in non-recovering tubules, as illustrated by an AKI
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mouse model induced by glycerol, revealing marked ultrastructural alterations occurring even before kidney injury
onset. Furthermore, genetic or pharmacological interventions preventing mitochondrial dysfunction have proven
effective in protecting against AKI and mitigating its progression to CKD [42,45]. Injured mitochondria not only
compromise cellular ATP production but also serve as potent sources of molecules amplifying injury, precipitating
cell death and inciting inflammation [46]. Therefore, strategies targeting mitochondrial dysfunction or enhancing
mitochondrial regeneration emerge as promising therapeutic avenues for AKIL.

ERRYy, a member of the orphan nuclear receptor family, is implicated in a spectrum of physiological and patho-
logical processes, particularly within high metabolic demand tissues such as stomach, kidney, and brain [47]. Studies
suggested ERRY has a pivotal role in mitochondrial function, with contributions to metabolic maturation in pancre-
atic {3 cells and mitigation of muscle damage [48,49]. In the renal context, ERRY is predominantly expressed in renal
tubules, playing a role in ciliary dynamics [50]. Public datasets reveal a significant decrease in ERRy expression in
patients with renal dysfunction, indicating potential involvement in AKI severity. However, the precise role of ERRy
in renal tubular injury and the impact of its agonist remain unclear. In the present study, we found that ERRy overex-
pression in vivo ameliorated renal dysfunction and pathology induced by cisplatin, suggesting a renoprotective role
of ERRY in AKI. Furthermore, knocking-down ERRY expression in renal tubular cells accentuated cisplatin-induced
cell apoptosis in vitro, even induced apoptotic death without cisplatin challenge. ERRY is highly expressed in tissues
with high energy demands and demonstrated to play a vital role in mitochondrial oxidative functions, cellular bioen-
ergetics and metabolism [17,51,52]. Our results also displayed that activating ERRy by its agonist protected against
mitochondrial damage and metabolic disorder in kidney. Therefore, knockdown of ERRy might induce cell death due
to mitochondrial dysfunction. Consistently, other studies found that mitochondrial dysfunction and cell death/tissues
injury occurred because of ERRYy deletion in acinar cells, neuronal cells, prostate cancer and so on [19,51,53].

The ERRy-specific agonist, DY131, emerges as a selective and promising modulator, demonstrating effective in
various pathological conditions [13,38]. DY131 treatment inhibited the generation of osteoclast and further protested
against inflammatory bone loss [54]. In LPS-induced acute liver injury, DY131 could ameliorate liver inflammation
and restore liver function [27]. Besides, DY131 prevented the abnormal cell turnover in hypoxia-treated placentas
by inducing ERRY signaling pathways [55]. Intriguingly, our study reveals that DY131, administered via intraperi-
toneal injection, ameliorates renal function and tubular injury in AKI induced by cisplatin, I/RI, and LPS. Impor-
tantly, DY131 alleviated cisplatin-induced mitochondrial dysfunction and metabolic imbalance, as evidenced by the
altered metabolite trends, improved mitochondrial morphology, restored gene expression, and enhanced mitochon-
drial biosynthesis. Furthermore, DY131 enhanced the expression of TFAM, a mtDNA-binding protein which essential
for mitochondrial genome and function maintenance [43].

AKI is characterized by a group of metabolic disorders and significant energy metabolic reprogramming was ob-
served in renal tubular epithelial cells, subsequently resulting abnormality of metabolites [41]. Studies demonstrated
that modulating the energy metabolism of renal tubular cells might serve as an effective strategy for AKI [56,57]. Al-
tered metabolism of amino acid play a causal role in AKI progression. Renal proximal tubules reabsorb approximately
97-98% of filtered amino acids [58], while a remarkable loss of amino acid was observed in patients receiving renal
replacement therapy with AKI an increased excretion of essential amino acids in AKI patients [59]. However, the reg-
ulation of most amino acid metabolic pathways and the therapeutic potential of targeting amino acid metabolism are
less well understood. Our data showed significant alterations in metabolites in kidneys from cisplatin-treated mice,
as other studies reported, and DY131 could recover the altered metabolism in kidneys. Besides, we also found that
administration of DY131 alone in vivo induced significant changes in mitochondrial metabolism-related genes in
kidneys, which are mainly enriched in mitochondrial respiratory chains and ATP synthesis (data were not shown).
These findings confirmed the role of DY131 on regulating mitochondrial functions and metabolism. Furthermore,
amino acid metabolic pathways were the most changed pathways after DY131 treatment, suggesting that DY131
might affect the regulation of amino acid metabolic pathways. Amino acids are essential for cell biological processes,
and abnormal metabolism of amino acids might inhibit cell proliferation and induce cell apoptosis [60,61]. Impaired
amino acid metabolism was observed in various types of AKI [62]. Amino acid supplementation is the mainly en-
ergy sources in normal kidney and was correlated with reduced AKI incidence [62,63]. Besides, clinical study showed
that glycine level was elevated in patients with less severe AKI, suggesting its potential as a predictive biomarker for
mortality of AKI [64]. Besides, administration of glycine has been demonstrated to protect renal epithelial cells in
cisplatin-induced nephrotoxicity [65]. For serine and threonine, there were no studies for exploring their roles in
AKI, which needs further investigation.

TFAM is a mitochondrial protein that functions in determining the abundance of the mitochondrial genome by
regulating packaging, stability, and replication [66]. TEAM loss correlates with mtDNA damage in AKI patients and
I/RI-induced AKI mice, resulting in decreased mitochondrial respiratory capacity and impaired mtDNA nucleoid
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stability [67]. Our study demonstrated that DY131 treatment effectively reversed TFAM reduction in cisplatin-treated
mice, accompanied by ERRY’s capacity to up-regulate TFAM expression. Importantly, as predicted by JASPAR and
further confirmed by in vitro experiments, we found that ERRy could promote the transcription and expression of
TFAM, suggesting a potential direct target of TFAM by ERRy. Furthermore, a positive correlation between ERRy
and TFAM expression was found in human AKI datasets, which also supported our findings.

Of note, there are some limitations in our present study. First, our results demonstrated that ERRy & DY131 pro-
tected against acute kidney injury in vivo, and DY131 could induce the transfected activity of ERRYy in renal tubular
cells. However, this does not rule out that DY131may play roles in ERRy-independent manner. Further studies are
needed to evaluate the effect of DY131 in renal tubular cell specific ERRy knockout mice. Second, some reports in-
dicated that DY131 displayed antitumor activity in vivo, but some other studies also indicated the opposite role of
ERRYy in tumor pathogenesis [14,68,69]. Therefore, the effect of DY131 on tumor growth should be observed in the
future studies. Third, the more detailed mechanism of DY131 and ERRy on renal tubular cell metabolism need to be
further explored.

Taken together, we found that DY131 promoted a renoprotective effect of ERRYy in various AKI murine models.
Mechanistically, DY131 regulated ERRy-TFAM axis to alleviate mitochondrial dysfunction, thereby regulating renal
metabolism and resulting the improvement of renal tubular injury (Figure 8).

Conclusion
Our study demonstrated that ERRY is closely associated with renal function in AKI and activation of ERRy by its
agonist DY131 protects renal function in different types of AKI. We also found that DY131 could ameliorate mito-
chondrial damage and metabolic disorders and promote TFAM expression, which might be a target gene of ERRYy.
Our findings indicated that ERRy agonist may represent a viable therapeutic strategy for improving renal metabolism
and function in AKIL

Clinical perspectives

e The ERRy, a member of orphan nuclear receptors which plays a regulatory role in many metabolic
pathways was reduced in the kidney from AKI patients and animals with a negative correlation with
AKI severity.

e DY131 activated ERRy to improve mitochondrial function and renal metabolism through targeting
TFAM.

e Targeting ERRYy through its agonist DY131 may be a potential therapeutic strategy to protect against
AKI.
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